Spin-wave stiffness constant, D, and the Curie temperature, TC, were evaluated from the magnetization measurements in order to investigate the exchange interaction between Fe and Co in a wide range of concentrations for {(FexCo1-x)0.75Si0.05B0.2}96Nb4 amorphous ribbons. It was found that TC showed a maximum in the middle concentration range of x, although the spontaneous magnetization, Ms, increased with increasing Fe concentration x. The behavior of the concentration dependence of TC was well explained by the product of D and Ms, that is, simply by the mean field approximation based on the Heisenberg model.
Introduction
Fe-Si-B amorphous alloys have been the subject of intensive studies because of their superior magnetic properties such as good magnetic softness due to lack of intrinsic magneto-crystalline anisotropy, high saturation magnetization, and high crystallization temperature. [1] [2] [3] These amorphous alloys have the potential to replace current materials applied to transformers and motors because of their very soft magnetic properties. Especially, excellent magnetic softness has been reported recently in nanocrystallized Fe-based amorphous ribbons obtained by a certain thermal treatment. [4] [5] [6] The introduction of Co into the Fe-B system increases the tensile and torsion stress strength, and the addition of Si raises the crystallization temperature. In addition, it is known that the sign of the magnetostriction changes from negative to positive with increasing Fe content in Fe-Co-Si-B amorphous alloys. 7) In the present study, in order to investigate the magnetic exchange interaction in Fe-Si-B system amorphous alloys, magnetic properties such as the spontaneous magnetization, the Curie temperature and the spin-wave stiffness constant were measured in (Fe,Co)-Si-B-Nb glassy alloys, where it is expected that Co can replaces with Fe in the entire concentration range.
Experimental procedure
Mother alloys of polycrystalline ingots of {(FexCo1-x)0.75Si0.05B0.2}96Nb4 (0.0 ≤ x ≤ 1.0) were prepared by induction melting in an Ar gas atmosphere with a nominal composition. Amorphous ribbons were fabricated by the single-roll melt-spun method with a roll speed of 25 -30 m/s. The ribbons were about 2 mm in width and about 25 μm in thickness. The structure was identified by x-ray diffraction (XRD). Thermal analysis was carried out with a differential scanning calorimeter (DSC), and density was measured with a He gas pycnometer. Magnetic properties were investigated using a SQUID magnetometer in the temperature range from 5 to 300 K, a B-H analyzer at room temperature and a vibrating sample magnetometer (VSM) above room temperature. It is seen that the peak position around 2 theta = 45 degree shifts to a lower degree with x, suggesting volume expansion with increasing Fe concentration. Density was measured using a He gas pycnometer after calibration with the several standard simple elements.
The concentration dependence of the density measured at room temperature is indicated in together with the reported data. 8) It is seen that the TC has a maximum at x = 0.50 and generally follows the behavior of the reported data, though the present data are slightly higher than those of the reported values. 8) The concentration dependence of TC has been also reported in various Fe-Co based metallic glasses to show a maximum value when the concentrations of the two metallic components are approximately equal. [9] [10] [11] The behavior has been explained by the stronger exchange interaction between Fe-Co pairs than that between Fe-Fe or Co-Co pairs. 11) The concentration dependence of the spontaneous Table 1 , together with the thermal data by the DSC curves.
The values of Ms for x = 0.0 and 1.0 are 69.1 and 151.5 emu/g, respectively, corresponding to 0.85 μB/Co-atom and 1.78 μB/Fe-atom. Although the Ms at x = 1.0 slightly deviates from the linear extrapolation, the increase of Ms would be simply caused by increase of the Fe atom, which has a larger magnetic moment than the Co atom. It should be noted that TC exhibits a maximum value at x = 0.50, as shown in the Fig. 4 , whereas Ms of x = 1.0 is significantly larger than that of x = 0.50. Therefore, it is suggested that the concentration dependence of the exchange interaction of the present system is not as simple, as the behavior of Ms.
Spin-wave stiffness constant
In order to investigate the exchange interaction, accurate magnetic measurements were performed. where, N and g are the number of the atoms and the Lande g-factor, respectively. Therefore, in the mean field approximation, TC is given as
here, z is the number of the atoms in the first nearest neighbor. In the classical limit, TC can be expressed as follows by the Eq. Table 1 The numerical values of density ρ (g/cm 3 ), glass transition temperature Tg (K), crystallization temperature TX (K), spontaneous magnetization Ms (emu/g) at 5 K, the Curie temperature TC (K), coercivity Hc (Oe) at room temperature, and spin-stiffness constant D (meV nm 2 ) of the melt-spun {(FexCo1-x)0.75Si0.05B0.2}96Nb4 glassy ribbons. 
Conclusion
The spin-wave stiffness constant was evaluated from the magnetization measurements in order to investigate the exchange interaction in the melt-spun {(FexCo1-x)0.75Si0.05B0.2}96Nb4 ribbons. Obtained results are summarized as follows. 
